We present experimental verification of the possibility of strong subwavelength confinement of the terahertz electric field at the end of a tapered metal wire waveguide. The axial field component at the end of the tapered waveguide shows a lateral confinement that is an order of magnitude greater than an untapered waveguide, and over 100 times greater than the free-space wavelength. The axial component is also strongly confined in the propagation direction, in contrast to the radial field component. Comparison to numerical simulation yields excellent agreement when the effect of the detecting probe is included in the analysis. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3186065͔
The use of waveguides for the focusing of electromagnetic energy has been an important avenue to achieving subwavelength resolution in near-field imaging. There is considerable interest in a method of confining electromagnetic radiation without suffering the high loss and dispersion of aperture-based techniques or the low image contrast of apertureless techniques. By using a plasmonic waveguide to obtain subwavelength focusing of radiation, these problems could potentially be avoided.
A variety of surface-plasmon waveguides have been used for superfocusing applications, such as a coaxial conical horn microwave antenna, 1 metal nanoparticle chains, 2 metal or metal-coated wedges, 3 metal nanowires, 4 waveguides with gap plasmons, 5 metal-coated optical fiber tips, 6 and tapered metal stripes. 7 Of particular interest are tapered metallic wires, [8] [9] [10] in which a metal wire guides a surface plasmon to a tapered conical tip. The size of the propagating surface wave tapers along with the waveguide diameter, resulting in subwavelength confinement of electromagnetic energy at the tip. Simulations at the nanoscale for visible wavelengths predict an intensity increase of three orders of magnitude at the end of the waveguide, 9 though the enhancement is dependent on factors such as the wavelength, the taper angle, the waveguide material, and the tip radius.
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In the terahertz region of the spectrum, tapered wire waveguides are particularly promising because of the recent recognition of the efficiency of bare metal wires as broadband waveguides. 12 Both analytic theory 13 and numerical simulations [14] [15] [16] at terahertz frequencies indicate subwavelength confinement at the tip of the taper. Experimental confirmation has been limited due to the difficulty of observing this confinement directly but initial results support the predictions of field enhancement in the region of the tip. [16] [17] [18] Based on these results, tapered wires for terahertz near-field imaging and spectroscopy have begun to be implemented with promising results. [19] [20] [21] However, there has been no direct experimental study of the efficacy of confining a guided terahertz surface ͑Sommer-feld͒ wave using a tapered wire. Without such a direct observation, the implementation of tapered waveguides as nearfield probes or high-intensity localized terahertz plasmons 9, 22 is shaped by the assumed accuracy of simulations, which have not been compared to experimental data.
Here, we employ a technique we recently developed, scattering-probe imaging, 23 to provide experimental characterization of the subwavelength confinement. We use a sharp metal probe tip, similar to those used in apertureless nearfield microscopy, to sample the electric field in the immediate vicinity of the tip. The component of the electric field polarized parallel to the probe axis at the position of the tip of the probe is detected in the far field, with resolution limited by the tip size.
A schematic of the experimental setup is shown in Fig.  1 . A radially symmetric photoconductive antenna 24 is used to generate broadband radially polarized picosecond terahertz pulses, which are then coupled onto a 500 m diameter stainless steel cylindrical wire waveguide. A tungsten scattering probe with a tip diameter of 20 m is placed with its tip at the end of the waveguide and its axis along the direction of propagation ͑the z axis͒, a configuration which is sensitive only to the z component of the electric field. The terahertz radiation propagates along the waveguide, then couples into free space and scatters off the probe tip. The scattered radiaa͒ Author to whom correspondence should be addressed. Electronic mail: daniel@rice.edu. tion is detected in the far field using a fiber-coupled photoconductive dipole antenna. This receiver is 90°out of plane, to reduce any asymmetry effects due to receiver positioning. 23 Both the probe and the receiver are placed on a two-axis translation stage, in order to measure the z component of the terahertz electric field, E z , in the region just beyond the end of the waveguide. For sensitive detection, the probe is mounted on a piezoelectric transducer which shakes it in the z direction with an amplitude of 10 m and a frequency of 160 Hz. This modulation, which serves as the reference for lock-in detection, greatly increases the signalto-noise of the obtained data, removes background, and ensures that the detected signal originates only from scattering at the probe tip.
Using this procedure, we map the field at the end of two different wire waveguides, one with a flat end, and the second with a taper. For this latter case, the cone angle of the taper is 4.7°and the tip diameter is 20 m. The data obtained in this fashion are compared to the results of finiteelement-method ͑FEM͒ simulations performed at 100 GHz.
By scanning the probe in one dimension, we sample E z at various points along a line, for both the untapered and tapered waveguides. Figure 2 shows these results for scans along the x direction, perpendicular to the waveguide axis, with the probe tip at closest approach ͑z Ϸ 0͒. For the untapered waveguide, the full width at half maximum ͑FWHM͒ of this field distribution is approximately 630 m, which is roughly equal to the waveguide diameter. In contrast, the FWHM for the tapered waveguide is approximately 30 m, comparable to the tip size, more than an order of magnitude smaller than that of the untapered waveguide, and 100 times less than the average free-space wavelength. The inset shows the results for a scan along the z direction ͑parallel to the waveguide axis͒, again showing much stronger field confinement for E z in the case of the tapered waveguide. This is in contrast to the radial component of the electric field, which is predicted to show high confinement only at the tip of the waveguide, before strongly diffracting, once the energy escapes into free space. 14 The decay of the signal with increasing z follows a power law, as expected for a conical metal tip.
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In order to understand the limits of this field confinement, we make quantitative comparisons using the results of our FEM simulations. These simulations use metal tips with similar geometry to those used in the experiments, and with surface impedance set equal to that of copper. By Fourier transforms of the measured time-domain waveforms, we extract the amplitude of the terahertz field at 100 GHz. These experimental results and simulations are compared in Fig. 3 . At 100 GHz, the experimental FWHM ͑circles͒ is 31 m, whereas the simulation ͑solid curve͒ indicates a higher field confinement, with a FWHM of 17 m. This difference, roughly a factor of 2, could result from experimental considerations, such as an incorrect measurement of the ͑z Ϸ 0͒ point of closest approach or a misalignment of the location of the probe in a direction orthogonal to the waveguide axis. Or, more interestingly, the discrepancy could result from the fact that the probe modifies the field confinement. This modification would arise from the distortion of the charge distribution in the metal waveguide induced by the nearby metal sampling probe. In analogy to the formation of an image dipole when a metal object is close to a ground plane, this would strengthen the field at the tip of the waveguide relative to the field without the probe. This is essentially equivalent to the well-known "height artifact" of apertureless near-field microscopy, 26 and could lead to an inaccurate estimation of the field confinement at the tip of an isolated tapered waveguide.
To investigate this latter possibility, we have performed a series of additional FEM simulations. These results ͑inset   FIG. 2 . One-dimensional ͑along the x direction͒ plot of the peak-to-peak amplitude of the z component of the terahertz electric field at the end of the untapered ͑solid circles͒ and tapered ͑open circles͒ waveguides. The field confinement for the tapered waveguide is comparable to the size of the tip, roughly 20 times smaller than in the untapered case, and over 100 times less than the average free-space wavelength. The inset shows the power-law decay of the field along the z axis for the tapered and untapered waveguides. to Fig. 3͒ show ͉E z ͉ as a function of x at a distance of z =5 m beyond the end of the waveguide. The dashed curve shows the result for an untapered waveguide, exhibiting small peaks at x = Ϯ 250 m, the positions corresponding to the locations of the two ͑in the simulations, perfectly sharp͒ corners where the cylindrical wire terminates. The tapered waveguide ͑thick solid curve͒ shows a dramatic ͑fac-tor of 10͒ field enhancement at x = 0, and a correspondingly high field confinement. In the third simulation ͑thin solid curve͒, we add a second tapered metal structure on axis, representing the probe, at a position z =10 m from the waveguide. This clearly shows an additional strengthening of the field, roughly by a factor of 2 at x = 0. These results indicate that the presence of the probe has some effect on the measured field enhancement and field confinement.
To disentangle this apparent strengthening of the measured field at the tip of the tapered-wire waveguide, we perform a series of additional simulations, in which the scattering probe is included at z =10 m at various offset positions along the x direction. At each offset, we extract the value of E z at a position 5 m from the end of the probe. This procedure accounts for the additional field strengthening, as well as its dependence on the lateral ͑x͒ offset of the probe. These results, shown as a dashed curve in Fig. 3 , show much better agreement with the experimental results at 100 GHz. As a result, we conclude that the measured field confinement of ϳ30 m, in fact, corresponds to a true field confinement of less than 20 m in the absence of the scattering probe, about equal to the waveguide tip diameter.
In conclusion, we have experimentally confirmed the subwavelength confinement of the z component of the electric field at the end of a tapered metal wire waveguide in agreement with numerical simulations. The scale of the lateral confinement is tip-size limited, and more than 100 times smaller than the free-space wavelength. This result supports the use of tapered waveguides for terahertz near-field imaging and for creating high-intensity localized terahertz surface plasmons using tapered wires. We have also established that the presence of a ͑detecting͒ scattering probe can modify the apparent degree of field confinement, and must be considered for a quantitative analysis.
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